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PROJECT  SUMMARY 


Analytical  models  for  the  blast  response  of  navy  composite  and  composite  sandwich  structures 
were  developed  in  this  research  grant.  This  report  summarizes  major  research  accomplishments 
spanning  two  consecutive  grant  periods  of  performance.  In  the  first  period  (February  2011  to  June 
2014),  the  dynamic  stability  and  failure  of  composite  shells  and  composite  sandwich  shells  under 
blast  loading  were  studied  and  the  viscoelastic-viscoplastic  hysteresis  response  of  PVC  H 1 00  foam 
under  uniaxial  compression  and  simple  shear  was  examined.  In  the  second  or  continuation  grant 
period  (July  2014  to  April  2016),  the  research  was  extended  to  address  the  behavior  of  composite 
sandwich  panels  subjected  to  underwater  blast  and  the  viscoelastic-vi  scop  last  ic  hysteresis  response 
of  PVC  H 1 00  foam  under  combined  transverse  compression  and  shear  was  examined.  A  common 
theme  in  the  analysis  of  the  blast  perfonnance  of  foam -core,  composite  sandwich  panels  was  that 
on  a  per  unit  areal  weight  density  basis,  lighter  and  more  crushable  foam  cores  offered  greater  blast 
resistance  and  energy  absorption  than  the  heavier  and  stronger  foam  cores.  This  was  found  to  be 
the  case  even  on  an  absolute  weight  basis,  i.e.,  not  on  a  per  unit  areal  weight  basis,  for  curved 
sandwich  panels  and  panels  subjected  to  underwater  blast  when  the  core  plasticity  was  multiaxial 
and  not  dominated  by  transverse  shear.  Detailed  research  concerning  the  above-mentioned  work 
may  be  found  in  the  numerous  publications,  including  the  journal  articles,  conference  proceeding 
and  extended  abstract  of  ONR  Program  Reviews,  which  are  listed  at  the  end  of  the  report. 
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LONG-TERM  GOAL 


The  long-term  goal  of  this  research  is  to  improve  our  understanding  of  the  blast  performance  of 
navy  composites  and  composite  sandwich  structures. 

OBJECTIVES 

Specific  objectives  of  the  research  were  to 

•  Develop  new  analytical  techniques  to  address  blast  response,  including  the  blast  mitigation 
and  energy  absorption  of  foam-core  composite  sandwich  plates  and  shells. 

•  Validate  analytical  solutions  with  finite  element  analysis  using  ABAQUS  and  test  data,  If 
available. 

TECHNICAL  APPROACH 

Composite  sandwich  panel  theory  is  based  mostly  on  linear  elastic  response.  This  research 
extended  composite  sandwich  theory  by  considering  the  facesheets  as  anisotropic  elastic  material 
and  the  core  as  an  elastic-plastic  material.  Damping  and  energy  absorption  were  Incorporated  into 
to  the  response  of  a  composite  sandwich  shell  under  blast  loading.  Finite  element  analysis  was 
done  to  gage  the  accuracy  of  the  analytical  solution.  Parametric  studies  were  used  to  examine  the 
role  of  the  foam  in  terms  of  panel  blast  resistance  and  energy  absorption.  In  addition  to  this, 
experiments  were  cairied  out  to  better  understand  the  crush  behavior  and  hysteresis  of  PVC  foams. 


MAJOR  ACCOMPLISHMENTS 

The  following  sections  summarizes  research  findings,  and  are  organized  not  necessarily  in 
chronological  order  but  rather  under  subject  headings.  Detailed  analysis  and  results  may  be  found 
in  the  cited  references.  A  common  theme  in  analyzing  the  blast  performance  of  foam-core, 
composite  sandwich  panels  is  that  the  lighter  and  more  crushable  foam  cores  offer  more  blast 
resistance  and  energy  absorption  than  the  heavier  and  stronger  foam  cores.  This  is  especially  true 
for  curved  sandwich  panels  and  panels  subjected  to  underwater  blast  when  the  core  crushes  under 
multiaxial  plasticity. 


Elastic-Plastic  Analysis  of  Flat  Composite  Sandwich  Panels 

In  this  research  the  large  deflection,  thick  composite  plate  analysis  by  Wu  and  Vinson  [  1  ]  was  used 
as  a  basis  to  determine  the  dynamic  response  of  a  foam-core,  composite  sandwich  panel  subjected 
to  blast.  Damping  and  energy  absorption  of  the  core  were  incorporated  into  to  the  large  amplitude, 
forced  vibration  response  of  a  flat  composite  sandwich  panel  by  modeling  the  sandwich  core  as  an 
elastic,  perfectly  plastic  material  [2].  Relatively  good  agreement  in  predicting  the  deformation 
response  with  FEA  was  found  up  to  the  initial  peak  deflection  of  the  panel  and  transverse  shear 
strain  in  the  core.  A  comparison  of  the  vibration  response  is  given  in  Figs.  1  (a)  and  (b);  it  is  noted 
that  subsequent  vibration  response  do  not  correlate  well  due  to  numerical  damping  in  ABAQUS 
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Explicit,  and  that  only  the  initial  transient  behavior  up  to  the  first  peak  deflection  and/or  core  strain 
should  be  compared.  Typically  damage  in  such  panels  would  initiate  near  the  first  peak  deflection, 
and  the  analysis  was  used  to  determine  blast  resistance  and  energy  absorption  of  the  panel  at 
failure.  As  shown  in  Fig.  2(a),  the  blast  resistance,  defined  as  the  largest  pressure  amplitude  to 
initiate  damage  either  in  the  facesheets  or  core,  increased  with  increasing  core  density,  it  is  shown 
in  Fig.  2(b)  that  at  damage  initiation,  there  was  no  energy  absorption  offered  by  sandwich  with 
densest  foams  (Klegecell  R300  and  Divinyceil  PVC  HCPIOO).  Heavier  panels  with  denser  and 
more  crush  resistant  cores  Failed  during  all  elastic  response.  On  a  per  unit  areal  weight  density, 
the  sandwich  pane!  with  H200  core  was  slightly  more  blast  resistant  than  the  panels  with  denser 
Klegecell  R300  and  Divinyceil  PVC  MCPIOO  foams  (Fig.  3).  This  sugge.sted  that  panels  with 
lighter,  and  more  crushable  foams  may  be  more  blast  resistant  on  a  per  unit  areal  weight  basis. 


Tima  (ms) 

(a) 


Figure  1  Comparison  of  analytical  solutions  and  FEA:  (a)  deflection  at  panel  center  and  (b) 
transverse  shear  strain  near  panel  edge. 


Figure  2  Effect  of  different  foam  cores  on  (a)  failure  pressure  and  (b)  energy  absorbed  to  failure. 
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Figure  3  Failure  pressure  per  areal  weight  density  in  sandwich  panels  with  various  cores. 


Foam-Core  Cyiiiidrical  Sandwich  SlieEls  under  External  Blast 

In  Ref.  [3]  the  early  time,  through-thickness  stress  wave  response  of  a  foam-core,  composite 
sandwich  cylindrical  shell  under  external  blast  (Figs.  4(a)  and  (b))  was  examined.  Solutions  for 
the  transient  response  ofthe  facesheets  were  derived  as  stress  waves  propagated  through  an  elastic- 
plastic,  criishable  foam  core.  These  solutions  were  found  to  be  in  good  agreement  with  results 
from  finite  element  analysis  (Figs.  5  and  6).  The  blast  response  of  the  composite  sandwich 
cylindrical  shell  was  shown  to  be  affected  by  the  magnitude  and  duration  of  the  pressure  pulse. 
High  amplitude,  low  duration  (impulsive)  pressure  pulses  induced  the  greatest  energy  absorption. 
Low'  amplitude,  long  duration  pressure  pulses  caused  minimal  energy  absorption.  The  amount  of 
energy  absorbed  increased  and  the  failure  load  decreased  with  increasing  core  thickness. 
Sandwich  shells  with  foams  of  varying  density,  compressive  modulus  and  crushing  resistance  were 
also  examined.  As  shown  in  Fig.  7,  the  sandwich  shells  with  the  foam  of  the  highest  density, 
compressive  modulus  and  crushing  resistance  (Divinycell  HCPIOO)  were  found  to  be  the  most 
blast  resistant  to  failure  even  though  no  energy  was  absorbed  by  them.  Per  unit  weight,  however, 
the  shells  with  a  lighter,  less  stifTand  strong,  Divinycell  H200  foam  core  were  more  blast  resistant 
to  failure  than  shells  with  a  Divinycell  HCPIOO  foam  core. 
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Figure  4  Foam  core,  composite  sandwich  cylinder  under  external  blast;  (a)  geometry  and  (b) 
stresses  and  deformations  during  loading. 


(a) 


(b) 


Figure  5  Comparison  with  FEA:  (a)  Radial  stress-strain  response  in  foam  near  outer  and  inner 
facesheets;  (p^  =  2  MPa,  AT  =  1  ms)  and  (b)  FEA  model  of  cylinder  showing  locations  of  stress. 
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(a) 


(b) 


Figure  6  Deflection  and  velocity  during  elastic-plastic  response  -2  MPa  AT"  =  1  ms): 
(a)  deflection  and  (b)  velocity. 
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Figure  7  EtTecl  of  core  type:  (a)  peak  pressure  and  (b)  energy  absorption  to  failure. 


Dynamic  Stability  of  Composite  Shell  Structures 

Composite  shells  and  composite  sandwich  shells  under  external  blast  or  pressure  pulse  loading 
may  undergo  dynamic  pulse  buckling.  The  stability  of  single  curvature  laminates  and  sandwich 
shells,  and  double  curvature,  composite  shells  were  examined  in  this  research. 
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A.  Single  Curvature,  Composile  Laminated  Shells 

Dynamic  pulse  buckling  of  a  single  curvature  composite  shell  under  external  pressure  (Fig,  8)  was 
examined  using  Lagrange's  equation  of  motion  and  the  Budiansky-Roth  criterion  in  ReL  [4].  As 
shown  in  Fig.  9,  the  predicted  transient  shell  response  compared  very  well  with  results  from 
ABAQUS  Implicit,  The  predicted  buckling  loads  also  agreed  with  experiments  on  steel  arches 
(Fig,  10),  Load  duration  determined  whether  the  buckling  was  impulsive,  dynamic  or  quasi¬ 
dynamic.  Fhicker  composite  shells  were  more  likely  to  fail  by  first-ply  failure  rather  than 
buckling.  It  was  shown  that  the  composite  lay-up  could  be  adjusted  to  increase  the  buckling 
resistance  of  the  shell. 


Figure  8  Single  curvature,  composite  shell  subjected  to  external  pressure  pulse  loading. 
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Figure  9  Comparison  of  FEA  and  analytical  solutions  for  C  at  shell  center,  =  tz  !  3 . 


Figure  10  Comparison  of  predicted  buckling  load  with  experimental  results  on  steel  arches 
(Humphreys,  1965  [5]). 


B.  Single  Curvature,  Composite  Sandwich  Shell 

An  elastic-plastic  model  was  developed  for  predicting  the  blast  response  of  a  foam-core,  single 
curvature,  composite  sandwich  panel,  which  is  shown  in  Fig.  1  1  [6],  A  multi-layered  approach 
was  used  to  distinguish  facesheets  and  core  deformations.  Core  compressibility  and  transverse 
shear  through  the  thickness  were  accounted  for  using  linear  displacement  fields  through  the 
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thickness.  The  predicted  solution  from  the  elastic-plastic  model  was  shown  to  compare  well  with 
FEA  from  ABAQUS  Implicit  (Figs.  12  and  13).  A  parametric  study  showed  that  blast  resistance 
of  the  sandwich  shell  may  be  increased  by  allowing  cores  to  undergo  plastic  crushing,  Very  thick 
and  shallow  shells  derive  much  of  their  resistance  to  blast  from  core  crushing.  Strong,  dense  foam 
cores  did  not  increase  the  blast  resistance  of  the  curved  sandwich  panel  but  allowed  facesheets  to 
fracture  while  the  core  remained  elastic. 


Figure  1 1  Geometry  of  single  curvature,  composite  sandwich  shell. 
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Figure  12  Radial  displacements  taken  at  mid-surface  of  sandwich  shell. 
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Figure  13  Stress  variations  along  the  mid-surface  of  core  at  t=  0.13ms,  right  before  core  yielding. 


C,  Double  Curvature,  Composite  Shells 

For  the  study  of  buckling  of  a  double  curvature,  composite  shell  under  pressure  pulse  loading  (Fig. 
1 4),  Novozhilov  nonlinear  shell  theory  was  used  to  capture  the  large  deformation  response  of  the 
shell  under  an  exponentially  decaying  pressure  pulse  [7].  The  shell  was  assumed  to  be  fully 
clamped,  as  in  practical  applications.  Equations  of  motion  were  derived  using  a  Lagrangian 
approach.  Some  of  the  key  challenges  of  this  work  included  the  coupling  of  nonlinear  differential 
equations  because  of  non-orthogonal  transverse  deflection  modes,  which  made  solving  equations 
of  motion  rather  computationally  challenging.  As  shown  in  Figs.  15  and  16,  the  buckling  strength 
of  a  doubly-curved  shell  may  be  increased  by  increasing  the  angular  extent  or  making  the  shell 
deeper,  thereby  triggering  instability  of  higher  buckling  modes. 


p(t)=Poe^'/' 


Figure  14  Double  cuiwature  shell  subjected  to  external  pressure  pulse  loading. 
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Figure  15  Woven  E-Glass,  Vinyl  Ester  shell  with  fixed  radius  of  curvature  (R/h=l  58.4)  and  various 
span  (angular  extent  changes  with  span):  (a)  shell  geometry  and  (b)  critical  buckling  curves. 


uA  i 


T 


(a) 


Figure  16  Woven  E-Glass,  Vinyl  Ester  shell  with  fixed  span  (a/h=]  10.6)  and  various  radius  of 
curvature  (angular  extent  changes  with  radius  of  curvature):  (a)  shell  geometry  and  (b)  critical 
buckling  curves. 


Multi-Layered  Analysis  of  Composite  Sandwich  Shells 

Unlike  the  previous  model  that  were  developed  earlier  for  the  flat  sandwich  panels,  a  multi-layered 
sandwich  panel  approach  was  used  to  better  characterize  the  stress  state  in  the  foam  core.  Curved 
sandwich  panels  typically  carry  higher  loads  and  are  more  efficient  than  flat  panels  because 
resistive  membrane  forces  are  induced  by  their  initial  curvature,  in  addition  to  shear  forces  and 
bending  moments.  Foam  plasticity  would  therefore  results  from  a  multiaxial  stress  state,  both  in¬ 
plane  compression  and  transverse  shear,  in  a  curved  sandwich  panel.  This  is  in  contrast  to  a  flat 
sandwich  panel,  in  which  the  foam  is  dominated  by  transverse  shear  stress. 
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A.  Single  Curvciture,  Sandwich  Shells 


A  solution  for  the  blast  behavior  of  a  single-curvature  composite  sandwich  shell  with  elastic-plastic 
core  crushing  (Fig.  17)  was  developed  [7].  This  solution  follows  from  research  by  Gao  and  Hoo 
Fatt  [4]  on  thin  composite  shells  undergoing  dynamic  pressure  pulse  buckling. 


Figure  1 7  Geometry  of  single  curvature,  composite  sandwich  shell. 


Predicted  solutions  of  the  transient  deflection  and  effective  yield  stress  at  core  mid-surface, 
assuming  isotropic  crushable  foam  model,  compared  well  with  FEA  results  (see  Figs.  18(a)  and 
(b)).  A  parametric  study  showed  that  blast  resistance  of  the  sandwich  shell  is  increased  by  allowing 
cores  to  undergo  plastic  crushing  (see  Figs.  19(a)  and  (b)).  Strong,  dense  foam  cores  do  not 
increase  the  blast  resistance  in  a  curved  sandwich  panel.  Other  parametric  studies  showed:  (1) 
thick  and  shallow  sandwich  shells  derive  most  of  their  strength  from  core  crushing,  and  (2)  shells 
with  strong  cores  and  very  thin  facesheets  are  susceptible  to  local  pulse  buckling  or  facesheet 
wrinkling. 
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Figure  18  Comparison  of  predicted  and  FEA  results  at  mid-plane  of  foam  core:  (a)  radial 
displacement  and  (b)  effective  stress  for  plasticity. 
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Figure  19  Curved  sandwich  panels  with  various  cores:  (a)  blast  resistance  and  (b)  energy 
absorption. 


B.  Double  Curvature,  Sandwich  Shells 

In  Ref.  [8],  a  multi-layered  sandwich  shell  model  incorporating  elastic-plastic  core  response  was 
developed  for  a  double  curvature,  sandwich  shell  under  blast  (Fig.  20).  Transient  deflection  and 
effective  yield  stress  at  core  mid-surface,  assuming  isotropic  crushable  foam  model,  were  found 
to  be  in  good  agreement  with  FEA  (see  Figs,  21(a)  and  (b)).  Due  to  shell  curvature,  core  mid- 
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surface  in-plane  stresses  are  on  the  order  of  out-of-plane  stress  (Figs.  22  (a)  and  (b)),  and  this 
indicated  that  the  core  should  be  modeled  as  transversely  isotropic  instead  of  isotropic. 


Figure  20  Geometry  and  loading  of  double  curvature  sandwich  shell. 
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(a)  (b) 

Figure  21  Comparison  of  results  from  analytical  model  and  FEA,  assuming  isotropic  crushable 
foam:  (a)  transient  deflections  and  effective  stress  in  core  mid-surface. 
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Figure  22  Stress  distribution  in  foam  mid-plane  along  y=bo/2  and  at  t=0. 16  ms:  (a)  in-plane  stress 
components  and  (b)  out-of-plane  stress  components. 


The  elastic-plastic  sandwich  shell  model  was  extended  to  incorporate  a  transversely  isotropic  Tsai- 
Wu  core  yield  criterion.  A  comparison  of  the  plastic  yield  zones  produced  by  the  isotropic 
crushable  foam  and  Tsai-Wu  criteria  may  be  seen  in  Fig.  23.  Yielding  occurred  earlier  in  the  case 
of  the  isotropic  crushable  foam  criterion,  but  the  panel  took  a  longer  time  to  reach  maximum 
deflection  assuming  transversely  isotropic  properties  and  the  Tsai-Wu  criterion.  The  sandwich 
shell  deflections  were  found  to  be  27%  higher  assuming  transversely  isotropic  Tsai-Wu  yielding 
instead  of  isotropic  crushable  foam  yielding.  Panel  failure  loads  were  also  over-predicted  by  about 
10  %  with  the  isotropic  crushable  foam  model  as  compared  to  the  transversely  isotropic  Tsai-Wu 
failure  criterion. 


Figure  23  Distribution  of  failure  index  in  core  mid-surface  (F=l  denotes  yielding  and  plastic  zone): 
(a)  isotropic  crushable  foam  and  (b)  transversely  isotropic  Tsai-Wu  foam. 


A  parametric  study  indicated  that  the  blast  resistance  of  the  sandwich  shells  increased  as  the 
curvature  ratio  decreased  because  of  greater  transverse  loads  through  the  action  of  membrane 
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compression  (Fig.  24).  Sandwich  shells  with  the  isotropic  core  failed  at  higher  pressures  sandwich 
shells  with  transversely  isotropic  core,  and  this  became  more  apparent  with  decreasing  shell  radius 
of  curvature.  This  not  only  indicated  the  importance  of  using  the  correct  in-plane  foam  properties 
for  some  shell  configurations  but  it  also  implied  that  modeling  the  core  of  the  sandwich  shell  as 
isotropic  would  give  non-conservative  estimates  of  the  structure’s  ability  to  resist  blast  loading. 


Figure  24  Variation  of  failure  pressure  (blast  resistance)  with  sandwich  shell  curvature  ratio  (shell 
becomes  flat  panel  as  radius-to-thickness  ratio  increases). 


Water  Blast  Response  of  Foam-Core  Composite  Sandwich  Panels 

A  fluid-structure  interaction  model  [9]  was  developed  to  examine  the  dynamic  response  of 
clamped  composite  sandwich  panels  subjected  to  air  blast/air  back,  water  blast/water  back  and 
water  blast/water  back  conditions  (Fig.  25).  This  was  done  by  combining  Taylor’s  fluid-structure 
interaction  model  for  underwater  blast  pressure  on  plates  [10]  and  a  multi-layered,  elastic-plastic 
sandwich  panel  model  developed  earlier  [8].  It  was  found  that  fluid  damping  terms  substantially 
reduced  and  slowed  down  deformations  of  the  sandwich  plate.  This  caused  higher  pressures 
induce  damage  in  the  water  blast/air  back  and  water  blast/  water  back  panels.  A  parametric  study 
on  the  influence  of  core  properties  in  Fig.  26(a)  further  indicated  that  softer,  more  ductile  Foam 
core  sandwich  structures  offered  greater  survivability  of  composite  sandwich  panels  subjected  to 
water  blasts.  Plastic  core  crushing  and  the  associated  work  dissipation  was  recognized  as  an 
important  mechanism  for  the  increased  blast  resistance,  as  shown  in  Fig.  27(b). 
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(a)  (b) 

Figure  25  Sandwich  panel  subjected  to  air/water  blast  conditions;  (a)  panel  geometry  and 
(b)  acoustic  loading  on  differential  surface  elements  on  front  and  back  facesheets. 


Close  examination  of  the  core  stresses  involved  during  initial  yield  revealed  that  three-dimensional 
core  plasticity  was  encountered  in  water  blasts,  and  plastic  work  dissipation  of  the  core  plays  a 
greater  role  in  blast  mitigation.  The  mid-surface  stresses  in  the  core  of  an  E-Giass/Vinyl  Ester, 
PVC  H250  foam  sandwich  panel  under  air  blast/air  back,  water  blast/air  back  and  water  blast/water 
back  conditions  are  shown  in  Figs,  26-28,  Initial  yielding  in  the  fully  clamped  sandwich  panels 
occurred  about  20  mm  from  the  clamped  edges,  where  the  transverse  shear  stresses  (SI 3)  and/or 
compression  (S33)  are  maximum.  Positions  along  the  span  where  initial  yielding  occurs  are 
indicated  by  black  dots  in  Figs.  26-28.  In  the  air-blast/air  back  plate,  the  core  yielded  primarily  in 
transverse  shear  (S13).  In  the  water-blast/air  back  plate,  core  yielding  was  due  to  combine 
transverse  shear  (SI 3)  and  compression  (S33).  In  the  water  blast/water  back  plate,  core  yielding 
occurred  under  combined  transverse  compression  (S33),  shear  (SI  3)  and  hydrostatic  compression 
(combined  SI  1,  S22  and  S33). 


17 


Plates  with  PVCH200  foam  most  . 

blast  resistance  in  water  blasts.  plasticity  in  water  blast. 


(a) 


(b) 


Figure  26  Comparison  of  (a)  blast  resistance  and  (b)  plastic  work  dissipation  up  to  failure  for 
several  panels  with  E-Glass/Vinyl  Ester  facesheets  and  different  cores. 


Figure  27  Core  mid-surface  stresses  at  the  onset  of  yielding  in  air  blast/air  back:  (a)  in-plane 
stresses  and  (b)  out-of-plane  stresses 


Figure  28  Core  mid-surface  stresses  at  the  onset  of  yielding  in  water  blast/air  back:  (a)  in-plane 
stresses  and  (b)  out-of-plane  stresses. 
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Figure  29  Core  mid -surface  stresses  at  the  onset  of  yielding  in  water  blast/water  back:  (a)  in-plane 
stresses  and  (b)  out-of-plane  stresses. 


Hysteresis  Response  of  Foam 

In  order  to  examine  the  full  potential  of  polymeric  foams  in  terms  of  energy  absorption,  one  must 
be  able  to  characterize  the  behavior  of  the  foam  beyond  initial  yield  and  crushing  of  cells.  Cyclic 
hysteresis  experiments  were  conducted  on  Divinycell  PVC  HI 00  foams  under  uniaxial 
compression  and  simple  shear  [11,12],  and  more  recently  these  tests  were  extended  to  combined 
transverse  compression  and  shear  using  angled  specimens  [13]. 


A.  Hysteresis  in  Uniaxial  Compression  and  Simple  Shear 


Uniaxial  compression 

An  MTS  83 1  servo-hydraulic  machine  was  used  to  determine  stress-strain  curves  of  the  PVC  H 1 00 
foam  using  the  apparatus  shown  in  Fig.  30.  The  linxiinxiin  cubic  specimen  was  glued  to 
aluminium  grips  so  that  displacements  can  be  applied  in  both  directions.  A  comparison  of  the  out- 
of-plane  and  in-plane  hysteresis  in  PVC  HI 00  foam  is  shown  in  Figs.  31  and  32.  The  foam  was 
stiffer  in  the  out-of-plane  direction  than  in  the  in-plane  direction,  but  exhibited  similar  behavior  in 
both  directions.  The  foam  was  characterized  as  being  elastic-plastic  and  hysteretic.  It  was  also 
rate-dependent,  as  shown  in  Figs.  3 1  (a)  and  (b).  The  amount  of  hysteresis  or  energy  absorption 
increases  with  strain  amplitude  as  shown  in  Figs.  32(a)  and  (b). 
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Actuator 


A  Pair  of  "C"  Clamp 


PVC  moo  Specimen 


Grips 


Load  Ceil 


Figure  30  Setup  for  cyclic  compression  tests. 


(a)  (b) 

Figure  3 1  Compressive  stress-strain  curves  at  strain  amplitude  of  0. 1 0  and  various  strain  rates:  (a) 
out-of-plane  and  (b)  in-plane. 
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Figure  32  Compressive  stress-strain  curve  at  a  strain  rate  of  0.5  s''  with  various  strain  amplitudes: 
(a)  out-of-plane  and  (b)  in-plane. 


Simple  Shear 

The  apparatus  shown  in  Fig.  33  was  constructed  to  determine  cyclic,  out-of-plane  and  in -plane, 
shear  response  of  the  PVC  HI  00  foam.  The  foam  specimen  was  a  6inxlinx0.5in  block,  which  is 
about  half  the  size  of  a  standard  shear  specimen.  Figures  34  and  35  show  the  shear  stress-strain 
response  of  the  foam  in  the  out-of-plane  and  in-plane  directions.  As  in  the  case  of  compression, 
the  foam  was  stiflfer  in  the  out-of-piane  direction.  The  shear  response  was  very  similar  to  the 
compression  response  in  that  the  foam  yielded,  exhibited  plastic  flow,  and  underwent  hysteresis. 
It  was  rate-dependent  and  the  amount  of  hysteresis  increased  with  strain  amplitude. 
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MTS 

Actuator 


Figure  33  Setup  for  cyclic  pure  shear  tests. 
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‘ — Sifaiji  rat«=Cl.0005  t/s 
— Sifsin  i3te=Cf  0050  Vs 
^Strain  rate=0  0500  Vs 
Svain  rate=0  5000  Vs 
— SUaiJi  1316=5  0000  Vs 


(a)  (b) 

Figure  34  Simple  shear  stress-strain  curves  at  a  strain  amplitude  of  0.2  and  various  strain  rates: 
(a)  out-of-plane  and  (b)  in-plane. 
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(a)  (b) 

Figure  35  Simple  shear  stress-strain  curves  at  a  strain  rate  of  0.5  s  '  and  various  strain  amplitudes: 
(a)  out-of-plane  and  (b)  in-plane. 


B.  A  Viscoelasttc-Damage  Model  for  Conrpresskm  HysfereAis 


A  phenomenological  constitutive  model  for  Divinycell  PVC  1 1100  foam  undergoing  crushing  and 
hysteresis  under  cyclic  compression  loading  was  developed  [12].  The  mode!  shown  in  Fig.  36  was 
used  to  describe  strain  rate-dependency,  damage  and  hysteresis  of  PVC  MIOO  foam.  A  simple 
damage  initiation  criterion  based  on  critical  compressive  strain  was  proposed  to  separate 
undamaged  and  damaged  foam  response.  The  standard  model,  an  elastic  spring  in  parallel  with 
Maxwell  element,  was  used  to  describe  viscoelastic  behavior  before  and  after  damage.  Before 
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damage,  spring  and  damper  constants  were  evaluated  from  the  test  data.  The  rate-dependent 
undamaged  stress-strain  response  and  flow  stress  were  found  to  be  in  good  agreement  with  test 
results.  After  damage,  the  spring  and  dashpot  resistances  were  found  to  be  functions  of  strain 
amplitude  and  flow  stress,  which  depended  on  strain  rate.  These  viscoelastic  damage  functions 
were  shown  to  give  very  good  predictions  of  the  hysteresis  and  strain  rate-dependent  behavior  of 
the  foam  after  damage  (Figs.  37  and  38). 


(a) 


a 


(b) 


Figure  36  Materia!  models  for  the  viscoelastic  damage:  (a)  before  damage  and  (b)  after  damage. 
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Figure  37  Comparison  of  simulated  curves  and  test  data  at  various  strain  rales  and  a  fixed  strain 
amplitude  of  0. 1 . 
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Figure  38  Comparison  of  simulated  curves  and  test  data  at  various  strain  amplitudes  and  a  fixed 
strain  rate  of  0,0005  s’*. 


C  Hysteresis  under  Combined  Compression  and  Shear 

Cyclic  hysteresis  experiments  were  conducted  on  Divinyccll  PVC  HI 00  foams  under  combined 
transverse  coinpression  and  shear  using  angled  specimens,  as  shown  in  Fig.  39.  The  specimen  was 
bonded  to  test  fixture  so  that  it  could  experience  tension  after  permanent  deformation.  By  adjusting 
the  angle  0,  one  could  obtain  cyclic  stress-strain  curves  for  a  variety  of  compression  and  shear 
stress  states. 


l" 


Figure  39  Test  setup  for  combined  cyclic  compression  and  shear. 
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Figures  40(a)  and  (b)  show  the  compressive  stress-strain  and  shear  stress-strain  responses  obtained 
from  the  60  deg  angle  specimen.  As  in  previous  uniaxial  compression  and  pure  shear  experiments 
[10,1 1],  a  large  amount  of  energy  was  dissipated  by  the  core  due  to  plastic  yielding  followed  by 
hysteresis.  For  a  fixed  displacement  amplitude,  rate-dependent  behavior  is  observed  in  Figs.  41  (a) 
and  (b). 


Eq  ut  valent  Sira  in  Rate- 0.004  for  0  =  60' 


Comp  re  5  s  i  ve  Strai  n 


- 1.02  mm 

1.52  mm 
—  2.03  mm 
2-54  mm 


(a)  (b) 

Figure  40  Cyclic  stress-strain  curves  from  9  =  60  deg  lest  under  varying  displacement  amplitudes: 
(a)  compression  and  (b)  shear. 


(a)  (b) 

Figure  41  Cyclic  stress-strain  curves  from  9  =  60  deg  test  under  varying  strain  rates: 

(a)  compression  and  (b)  shear. 

Initial  yielding  of  the  bonded  foam  was  more  accurately  determined  by  Tsai-Wu  yield  criterion 
than  the  commonly-used  isotropic  yield  criterion  (see  Fig.  42),  The  Tsai-Wu  criterion  is  being  used 
to  define  equivalent  stress,  strain  and  strain  rate  in  a  multi-axial  viscoelastic  damage  model. 


26 


Figure  42  Yield  criterion  for  PVC  H 100  foam. 


IMPACT  OF  I^ESEARCH/TRANSITIONS 

Liglitweiglit,  composite  sandwich  structures  offer  significant  benefits  to  navy  combat  vessels. 
Struetural  weight  savings  allow  increased  payload  for  artillery  and/or  power  generation  for 
modern-day  weaponry  such  as  lasers.  Polymer  matrix  composites  and  foams  offer  reduced 
magnetic,  radar  and  sonar  signatures,  which  are  important  for  stealth  technology.  The  ability  of 
navy  ships  to  survive  blast  loading  through  the  use  of  foam  core  hulls  and  superstructures  was 
investigated  this  research.  Results  from  this  grant  also  expand  the  state-of-the-art  in  modeling 
foam  material  behavior  specifically  for  applications  involving  blast  mitigation. 
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